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ABSTRACT
The David Anderson group at the University of Wyoming is currently investigating several
chemical reactions that take place in solid parahydrogen (pH2), using a technique that is commonly
known as parahydrogen matrix isolation. One of the reactions they are studying is between H and
N2O, yielding a product of cis-HNNO which isomerizes over time into trans-HNNO.

Molar

absorptivities for cis-HNNO and trans-HNNO were calculated for the Anderson group because
the isotope of HNNO (H15N218O) that they are studying does not have calculated values. A paper
by Peterson and Francisco had already calculated molar absorptivity values for a different isotope
of HNNO (H14N216O). These literature values were used to ensure that our computational methods
were being implemented correctly. The literature values assume the double harmonic
approximation (DHA). We were able to recreate frequency values and get reasonably close molar
absorptivities for the normal isotope of both isomers assuming the DHA. Additionally, we
computed frequencies and molar absorptivities for the heavy isotope assuming the DHA. Our
results for the molar absorptivity ratios of the heavy HNNO isotope did not match the experimental
results gathered by the Anderson group, suggesting that we needed to go beyond the DHA. We
did this by calculating molar absorptivities when considering a non-linear dipole moment function
and calculating molar absorptivities when considering anharmonic vibrations. While both of these
new assumptions generally improved ratios of molar absorptivities, they still did not match the
Anderson group’s ratios, meaning there are more things we must consider. Geometric analysis of
normal modes suggests that coupling is likely involved in the potential energy function of the
molecule and must be considered for calculating molar absorptivities for future work.
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CHAPTER ONE
BACKGROUND AND MOTIVATION

Section 1.1 – Experimental Tests by the David Anderson Group
The David Anderson group at the University of Wyoming is currently investigating several
chemical reactions that take place in solid parahydrogen (pH2), using a technique that is commonly
known as parahydrogen matrix isolation.

Matrix isolation is most commonly used to

spectroscopically study highly reactive chemical species at low temperatures. The matrix is
usually composed of a solid rare gas (such as argon) that confines the desired reactive species,
prohibiting the species from decomposing, reacting with itself, or reacting with the matrix
[Anderson 2015].
The Anderson group is using the matrix isolation technique to carry out experiments that
differ from usual matrix isolation studies in two ways. The first way is by substituting the rare gas
with pH2. The second way is by allowing the introduced species to react with the matrix. The
introduced species reacts with the solid parahydrogen matrix to generate a new species that can be
spectroscopically studied. These reactions, particularly ones that involve the addition of an H atom
to another molecule, take place through a process called quantum diffusion. Studies have shown
[Benderskii 1996; Danilychev 1993; Krueger 1992; Pehkonen 2007] that this practice is possible
with light atoms (like H, N, or F) at extremely low temperatures through quantum diffusion.
Lighter atoms and molecules are more likely to exhibit quantum characteristics, especially at low
temperatures, implying that hydrogen atoms would be the most likely to explicitly demonstrate
quantum diffusion. This process involves hydrogen atoms tunneling through the pH2 matrix,
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eventually reaching an impurity (which is usually placed there purposely). One could think of this
mechanism by visualizing the H atom hopping from lattice site to lattice site, reacting with a nearby
pH2 molecule according to the reaction H + H2 à H2 + H. This reaction would happen several
times until the impurity is reached, which the H atom would then react with. The result of this
reaction would then create the desired species to be studied, which normally would be unable to
stably exist.

Section 1.2 – Infrared Spectroscopy (IR Spectroscopy)
Part of the Anderson group’s experiments involves recording the infrared (IR) spectra of
the different molecules that they are studying in solid pH2. IR spectroscopy can be used to identify
molecules in a sample of an unknown solution or mixture. It does this by looking at the vibrations
of the constituent atoms [Gregg 1968]. When electromagnetic radiation passes through a
substance, energy is either absorbed or transmitted. Absorbed energy depends on the radiation
frequency and on the molecule’s structure. Typically, an IR spectrum will plot % Transmittance
vs. Frequency (usually expressed in wavenumbers, cm-1). Different peaks in the spectrum will
correspond to different vibrations of different covalent bonds that exist in the molecule. For
example, a peak somewhere in the range of 3200-3600 cm-1 will indicate that there is an O-H bond
present in the molecule [Gregg 1968]. The intensity, or height, of a peak in an IR spectrum is
proportional to the number of different molecules (concentration) in the sample, the path length
that the IR light travels through the sample, and the square of the transition dipole moment for the
vibration. This is expressed in Beer’s Law:
Absorbance	
  =	
  Abc

2

(1-1)

A is the molar absorption constant (or molar absorptivity), b is path length, and c is concentration
[Atkins 2014]. This means that different concentrations of the same solution will give two different
IR spectra. If two unknown substances have identical IR spectra, it is safe to deduce that the two
solutions are identical [Gregg 1968]. The molar absorptivity, A, is proportional to the square of
the transition dipole moment for the vibration [Harmony 1972]. Finding the transition dipole
moment will be discussed later in this paper.
When studying a molecule that does not already have documented molar absorptivity
values, it is impossible to calculate the concentrations directly from the observed spectrum without
using theoretically computed molar absorptivities. Comparing the ratios of the integrated
intensities for two different peaks on an IR spectrum with the ratios of the computationally
calculated molar absorptivities for two different modes can help validate the computed molar
absorptivities. An integrated intensity is simply the area under the curve of a selected peak of an
IR spectrum. The ratio of two integrated intensities will be equivalent to the ratio of the
absorbances of the peaks. Assuming this, the ratio of the absorbances of two peaks will be equal
to the ratio of molar absorptivities of the modes represented by those peaks. This can be proven
quite easily by dividing two absorbance equations for two different peaks by each other.
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒5 = 𝐴5 𝑏5 𝑐5
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒6 = 𝐴6 𝑏6 𝑐6

(1-2)

Because the path length, b, and concentration, c, will be unchanged for two different peaks in the
same spectrum, both of these will factors cancel leaving just
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒5 𝐴5
=
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒6 𝐴6

3

(1-3)

If these ratios are comparable, then it is a fair assumption to say that your calculated molar
absorptivities are acceptable and you can use them to calculate the concentrations of your
experimental calculations.
There are many factors that go into deciding how “far” to go when calculating molar
absorptivities, such as the basis set size, considering going beyond the double harmonic
approximation, considering anharmonic contributions, and considering coupling between modes.
These factors will all be discussed in great detail in this paper, but the general thinking is that the
“farther” you go, the more exact your results will be. The consequence of this is that going
“farther” will typically take much longer and be more computationally expensive. The goal is to
then create computational results that are comparable to the experimental ones while taking as
little time as possible.

Section 1.3 – Experimental Tests on cis-HNNO and trans-HNNO by the
Anderson Group
One of the many reactions that the Anderson group is currently looking at is the reaction
between

15

N218O and an H atom using the parahydrogen matrix isolation technique, with the

primary purpose of studying the kinetics of this H atom reaction in the matrix environment. Using
this technique, the Anderson group has found that the H + N2O reaction yields little to no product
when carried out at 4.3 K [Mutunga 2013]. However, when the reaction temperature is lowered
to temperatures below 2.4 K, the following reaction takes place [Mutunga 2013]:
𝐻 + 𝑁6 𝑂 → 	
  𝑐𝑖𝑠 − 𝐻𝑁𝑁𝑂

(1-4)

At the same temperature, after the passage of time, the cis-HNNO becomes trans-HNNO in this
reaction:
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𝑐𝑖𝑠 − 𝐻𝑁𝑁𝑂 → 	
  𝑡𝑟𝑎𝑛𝑠 − 𝐻𝑁𝑁𝑂

(1-5)

Eventually, the cis-HNNO will convert completely and trans-HNNO will be the only
molecule left. Figure 1 in [Mutunga 2013] demonstrates this, showing that cis-HNNO is made
very quickly at 1.81 K but after about 200 minutes decreases in concentration. The trans-HNNO
does not form as quickly but eventually will be the only product as all of the cis-HNNO reacts to
form trans-HNNO.
A section of the HNNO IR spectrum recorded by the Anderson group is given in Figure
S1 in the supplementary material of [Mutunga 2013] for the q2 mode of both cis-HNNO and transHNNO. The blue line was recorded at 1.82 K before the reaction began, the red line was recorded
at 1.83 K right after the start of the reaction, and the green line was recorded 486.4 min after the
reaction started while the sample is maintained at a constant temperature of 1.81(2) K. The
Anderson group created the concentration vs. time plot shown in Figure 1 in [Mutunga 2013] by
using the integrated intensties calculated from their IR spectrum and literature molar absorptivity
values.
Currently, the only documented computational research on cis-HNNO and trans-HNNO is
from a 2011 paper by Peterson and Francisco [Peterson 2011]. Unfortunately, this paper
investigated a lighter HNNO isotope (H14N216O) than the one that the Anderson group is studying
(H15N218O). It should be noted that for the rest of this paper, H14N216O will be referred to as the
“normal isotope” and H15N218O will be referred to as the “heavy isotope”.
Figure S2 in the supplementary material of [Mutunga 2013] shows experimental data from
the Anderson group that plots the ratio of integrated intensities for q2 and q3 in cis-HNNO at many
different time-steps. The slope of this line represents the overall ratio of integrated intensities. If
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this slope is equivalent to the ratio of these respective molar absorptivities from Anderson and
Francisco, then it can be assumed that using the literature values is acceptable. For the q3/q2 ratio
in cis-HNNO, the literature [Peterson 2011] gives the ratio as 0.286 while the Anderson group’s
data suggests that ratio should be closer to 0.464. This difference is to be expected, since different
isotopes for the same molecule will have different vibrational frequencies and molar absorptivities
for respective vibrational modes. Because of this, the molar absorptivity values from the Peterson
and Francisco paper cannot be directly used. Still, these values will prove to be helpful for
calculating the molar absorptivities for the heavy HNNO isotope, the chief goal of this paper. This
will be discussed more in Chapter 3.
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CHAPTER TWO
MOLAR ABSORPTIVITIES

Section 2.1 – Vibrational Modes
One way to describe the geometry of the HNNO molecule is in terms of collective
displacements of all four atoms from the equilibrium geometry. These collective displacements
are called vibrational modes [Atkins 2014]. Finding the number of vibrational modes in a nonlinear molecule can be achieved by using the following formula:
#	
  𝑜𝑓	
  𝑉𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙	
  𝑀𝑜𝑑𝑒𝑠 = 	
  3𝑁 − 6

(2-1)

In this equation, N is the number of individual atoms in the molecule. There are four individual
atoms in HNNO, giving a total of six vibrational modes in the molecule. Each one of these six
modes has a vibrational frequency and a molar absorptivity.
Normal modes are independent vibrations assuming that the molecule has a harmonic
potential energy surface. These modes can be obtained by computing and diagonalizing the massweighted Hessian matrix, which will be shown later in this chapter. These modes are described by
dimensionless normal mode coordinates, which will be labelled q1, q2, q3, q4, q5, and q6 in order
of decreasing frequency (cm-1) throughout the rest of this thesis. When one of these six normal
mode variables are changed, the six geometric parameters of HNNO change in a coordinated way.
These six geometric parameters are the three bond lengths (rHN, rNN, and rNO), the two bond
angles (HNN angle and NNO angle), and the torsion angle.
It is a common misconception that each geometric parameter corresponds to its own
individual vibrational mode. This is not typically true as each vibrational mode almost always
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involves each kind of geometric bend or stretch. However, individual modes can be heavily
dominated by one individual geometric mode over another. For example, previous research on the
HNNO molecule suggests that q1 is heavily influenced by the HN stretch [Peterson 2011, Lee
1993]. This means that when the value of the q1 mode is changed, rHN will have a large change,
while the other five modes will change very little (albeit some) in comparison. Still, it is important
to understand that q1 describes how all the geometric parameters change, not just the rHN change.

Section 2.2 – GAMESS and NWChem
Both the GAMESS [Schmidt 1993] and NWChem [Valiev 2010] programs calculate the
energy of a molecule for a specific geometry and a specific basis set of functions used to
approximate the molecule’s molecular orbitals. Electric fields of varying strengths can be applied
along the x-, y-, or z-axis, or any combination of these. Both programs therefore allow one to put
in any geometry for the HNNO molecule and then manipulate the strength of the electric field.
GAMESS allows one to directly change the electric field, while NWChem lets one do it indirectly
by manipulating point charge values. Once run, either program will then calculate the HNNO
molecule’s energy at a specific electric field value. Calculations at several field values can be used
to compute the dipole moment of the molecule.
A large amount of the calculations in this thesis were done using (1) the aug-cc-PVTZ
[Dunning Jr. 1988; Kendall 1992] atomic basis set that is built into both programs and (2) the
CCSD(T) (Coupled-cluster with single, double, and perturbative triple excitations) electronic
structure method. The aug-cc-pVTZ basis set is a “library” of three-dimensional mathematical
functions that GAMESS uses to describe the HNNO molecular orbitals. It includes s, p, and d
orbitals for the H atom, and s, p, d, and f orbitals for the N and O atoms. The CCSD(T) level of
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theory allows one to include the effects of electron correlation in an energy calculation. Electron
correlation refers to the instantaneous correlations between the motions of different electrons in a
molecule and is a correction to the simple molecular orbital picture of a molecule’s electronic
structure.

Section 2.3 – Calculating Molar Absorptivities Outline
The primary goal of this research project is to calculate molar absorptivities for each of the
modes in both cis-HNNO and trans-HNNO. Calculating molar absorptivities from scratch is a
lengthy and tedious process that involves many steps. Figure 2.1 gives a general outline of how
to go about calculating these molar absorptivity values. The upcoming sections will detail each of
these steps. It is important to note that the outline is not a two-way path that allows you to pick
which direction you want for calculating these values. Both vibrational frequencies and transition
dipole moments are needed to calculate molar absorptivities for each mode.

Section 2.4 – Equilibrium Geometry
Both NWChem and GAMESS can be used to calculate the equilibrium geometry for a
given molecule. The programs do this by determining the Cartesian coordinates of the atoms that
lead to the lowest energy. Table 2.1 gives the equilibrium bond length and angles at the CCSD(T)
level of theory with an aug-cc-PVTZ basis set.

Table 2.1 – Equilibrium Bond Lengths and Angles of cis-HNNO and trans-HNNO at the
CCSD(T) Level of Theory with an aug-cc-PVTZ Basis Set
rHN (Å) rNN (Å) rNO (Å) HNN Angle NNO Angle Torsion Angle
cis-HNNO
1.034
1.231
1.213
108.9°
138.9°
0.0°
trans-HNNO
1.022
1.244
1.203
106.8°
132.5°
180.0°

9

Figure 2.1 – Flowchart demonstrating how to calculate molar absorptivities
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Section 2.5 – Mass-Weighted Hessian Matrix
In order to determine wavefunctions and dipole moment functions for the HNNO molecule,
one must relate the dimensionless normal mode coordinates to the atoms’ Cartesian coordinates.
To do this, a Hessian matrix must be calculated, whose general form for a tetratomic molecule is
shown in Equation 2-2:

∂2 𝑈
∂𝑥21

	
  

2

∂ 𝑈

𝐻 = ∂𝑦 ∂𝑥1
1
⋮

∂2 𝑈

∂2 𝑈

∂2 𝑈

∂𝑥1 ∂𝑦1

∂𝑥1 ∂𝑧1

∂𝑥1 ∂𝑥2

2

∂ 𝑈

2

∂ 𝑈

∂𝑦1 ∂𝑧1

∂𝑦1 ∂𝑥2

2

∂ 𝑈
∂𝑦21

	
  

⋮

⋮

⋮

∂2 𝑈

∂2 𝑈

∂2 𝑈

∂2 𝑈

∂𝑧4 ∂𝑥1

∂𝑧4 ∂𝑦1

∂𝑧4 ∂𝑧1

∂𝑧4 ∂𝑥2

…
…
…
…

∂2 𝑈
∂𝑥1 ∂	
  𝑧4
∂2 𝑈

(2-2)

∂𝑦1 ∂	
  𝑧4

⋮

∂2 𝑈
∂𝑧24

where U is potential energy, x1 is atom 1 in the x-direction, y1 is atom 1 in the y-direction, x2 is
atom 2 in the x-direction, etc. To calculate this, it is necessary to find the second derivative of the
potential energy with respect to two changed geometric parameters. The second derivative of
potential energy cannot be directly calculated at the CCSD(T) level of theory, but there are two
variations of the finite central-difference method that we can use to approximate these values.
Equation 2-3 can be used when changing one coordinate (for the entries on the Hessian matrix
diagonal) and Equation 2-4 can be used when changing two coordinates (for the off-diagonal
entries).
(2-3)

(2-4)
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In both of these equations, h is the amount a coordinate is moved from its equilibrium position and
needs to be small to give effective results. For all calculations in this paper, h is assumed to be
0.01 Å. It’s also important to note that several of the entries in the matrix will represent repeat
QR S

calculations because flipping the directional parameters gives the same value, i.e. QT

U QVR

QR S

= 	
   QV

R QTU

	
  .

Once these values are found and placed into the matrix, the matrix can then be massweighted. To mass-weight the matrix, the values in the matrix are each divided by the square root
of the product of the two pertinent atomic masses.

Section 2.6 – Dimensionless Normal Mode Coordinates and Vibrational
Frequencies
Once a mass-weighted Hessian matrix has been calculated, it can then be diagonalized to
obtain two very important things for calculating molar absorptivities. First, the square roots of the
eigenvalues represent the vibrational frequencies of each mode. Second, the eigenvectors give the
vectors that describe the Cartesian coordinate atomic displacements (or normal mode coordinates)
for each mode. These normal mode coordinates can be used to determine the new geometry of a
molecule after a mode is stretched or compressed.

Section 2.7 – Dipole Moment and Dipole Moment Function
In order to look at the dipole moment as a function of geometry, it is necessary to find a
way to calculate the dipole moment in each direction for a specific geometry. Finding dipole
moments for specific geometries over a range of stretching and compressing a mode will be useful
for calculating the dipole moment function for that mode. Dipole moment, µ, for a specific
direction is the negative derivative of the energy, E, with respect to applied electric field, ε:
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𝜇 = −(

𝑑𝐸
	
  )
𝑑𝜀 \]^

(2-5)

To find the dipole moment for a specific geometry, the strength of the electric field can be
changed from a determined range in determined increments. For this research, the range was set
at -0.003 to 0.003 atomic units, with a calculation being done every 0.001 atomic units. This
produces seven data points for the geometry’s electric field values. Three different graphs can be
made that plot electric field vs. energy, one in the x-direction, one in the y-direction, and one in
the z-direction and the quadratic curve of best fit can be determined for each. Then, the derivative
is found for each quadratic curve at ε = 0. As stated above, the dipole moment is the negative
derivative of this data so the derivatives can be multiplied by -1 and then these values are recorded
as the x, y, and z vectors of the dipole moment. All values in this project were converted from
atomic units to Debye (1 a.u = 2.541 D).
The dipole moment function is a function that represents how the dipole moment for an
individual mode changes has the mode is stretched and compressed. It can be expressed as a
Taylor series to the nth polynomial:
𝑞 𝑑𝜇_
𝜇_ (𝑞) = 𝜇_ (𝑞)a]^ +
1! 𝑑𝑞

𝑞 6 𝑑 6 𝜇_
+
2! 𝑑𝑞6
a]^

𝑞 d 𝑑 d 𝜇_
+⋯
𝑛! 𝑑𝑞d
a]^

a]^

(2-6)

The double harmonic approximation (DHA), which will be discussed in greater detail in a
later section, assumes that the dipole moment function is linear. Chapter 3 will discuss calculating
the dipole moment function and molar absorptivities assuming the DHA, while Chapter 4 will
discuss going beyond the DHA and how it affects the dipole moment function and molar
absorptivities.
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Section 2.8 – Transition Dipole Moment
The transition dipole moment, Mji, represents the change in electronic dipole moment that
occurs when transitioning from vibrational level i to vibrational level j. The dipole moment
function, µ(q), can be used to calculate the transition dipole moment, using the following equation:
𝑀ef

6

| 𝑖 𝜇_ (𝑞) 𝑗 |6

=

(2-7)

_

In this equation, ρ indicates the Cartesian components of the dipole moment, x, y, and z, so the
transition dipole moment for a three-dimensional molecule can be assumed to be
𝑀ef

6

= | 𝑖 𝜇V (𝑞) 𝑗 |6 + | 𝑖 𝜇T (𝑞) 𝑗 |6 + | 𝑖 𝜇i (𝑞) 𝑗 |6

(2-8)

Section 2.9 – Molar Absorptivity
Calculating the molar absorptivity values, A, is key for the Anderson group and their
interpretation of their HNNO IR spectra, but finding these values for each mode is not a simple
process. The frequencies and transition dipole moments for each mode are needed, both of which
are described in previous sections. Transition dipole moment, Mji, can be converted to absorption
intensity, Gji, using the following equation [Cohen, et al. 2008]:
8𝜋 m
𝐺ef = 	
  
𝑀
3ℎ𝑐^ (4𝜋𝜀^ ) ef

6

(2-9)

and can be simplified to this equation [Cohen, et al. 2008]:
𝐺ef ≈ 41.6238 𝑀ef
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6

(2-10)

where Mji is in units of D and Gji is in units of pm2. This can then be used to solve for molar
absorptivity A in units of km/mol with this equation [Cohen, et al. 2008]:
𝐴=

𝐺ef ∗ 𝑣
16.60540

where 𝑣 is vibrational frequency (cm-1).
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(2-11)

CHAPTER THREE
CALCULATING MOLAR ABSORPTIVITIES FOR cis-HNNO
AND trans-HNNO ASSUMING THE DOUBLE HARMONIC
APPROXIMATION

Section 3.1 – Reproducing Molar Absorptivities for the Normal Isotopes and
Calculating New Molar Absorptivities for the Heavy Isotopes
Because the Peterson and Francisco paper discussed in Section 1.4 has molar absorptivities
for the normal cis-HNNO and trans-HNNO isotopes, the strategy implemented is to see first if it
is possible to replicate Peterson’s values using our computational programs and methods. If this
proves successful, then it is safe to say that our methods for calculating molar absorptivities are
acceptable. We would then feel confident in using these same methods for calculating molar
absorptivities for the heavy molecule.
For each normal mode in HNNO, the Anderson group is looking at the v=0 to v=1 transition
peaks on their IR spectra. Assuming that the wavefunction is harmonic, it can also be assumed
that the wavefunction for the initial and final states can be represented by the product of a single
harmonic wavefunction for each mode. For the ground state, it is assumed that the contribution
from the v=0 energy level is 100% for every mode. For the excited state, it is assumed that the
contribution from the v=1 energy level is 100% for the excited vibrational mode, and the other
modes remain at v=0.
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Section 3.2 – The Double Harmonic Approximation (DHA)
It is necessary to be able to calculate the dipole moment function for each vibration in a
molecule. These can then be used to find the molar absorptivity constants. A simple way to do
this is by using the double harmonic approximation (DHA). The DHA makes two assumptions.
First, it assumes that the potential energy function is quadratic in nature. Second, it assumes that
the dipole moment function is linear. It should be assumed that all results discussed in this chapter
assume the double harmonic approximation.
For a transition from the ground state to the first excited state, i = 0 and j = 1 in the transition
dipole moment equation. Since the double harmonic approximation assumes that the dipole
moment function is linear, µ(q) is assumed to be
𝜇_ 𝑞 = 𝑞 ∗

𝑑𝜇_
𝑑𝑞

+ 𝜇_ (𝑞 = 0)

(3-1)

a]^

for any direction. Equation 8 can now be rewritten as
𝑀ef

6

𝑑𝜇_
0 𝜇_ 𝑞 = 0 1 + 0 𝑞 ∗
𝑑𝑞

=
_

6

1

(3-2)

a]^

which can then be rewritten as
𝑀ef

6

=
_

because 𝜇_ (𝑞 = 0) and

uvw
ua

a]^

𝑑𝜇_
𝑑𝑞

6

∗ 0𝑞1

(3-3)

a]^

will both be constants. Assuming the initial and final vibrational

wavefunctions are harmonic, we can use ladder operators and the Kronecker delta to determine
that

0𝑞1 =
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1
2

(3-4)

This gives us the equation
6

𝑀ef

6

𝑑𝜇_
𝑑𝑞

=
_

∗
a]^

1
2

(3-5)

which, for a 3-dimensional molecule, can be simplified to

𝑀ef

6

=

𝑑𝜇V
𝑑𝑞

6
a]^

+

𝑑𝜇T
𝑑𝑞

6
a]^

+

𝑑𝜇i
𝑑𝑞

6
a]^

(3-6)
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Section 3.3 – Frequency Results for H14N216O and H15N218O Assuming the DHA
Previous research on the normal cis-HNNO and trans-HNNO isotopes (H14N216O) was
conducted by Peterson and Francisco. Their paper gives frequency values for both isomers at the
CCSD(T) level of theory with aug-cc-PVDZ, aug-cc-PVTZ, and aug-cc-PVQZ basis sets. Their
paper also gives molar absorptivity values for both isomers at the CCSD(T) level of theory with
an aug-cc-PVQZ basis set. As stated in Chapter 1, the goal of this project is to attempt to recreate
the results from the Peterson and Francisco paper for the normal isotopes. If our results are
comparable to theirs, then we can assume that our results for the heavy isotopes are good enough
for the Anderson group to use for their experimental calculations.
As stated earlier, the Peterson and Francisco paper contains frequency values for both
isomers at the CCSD(T) level of theory with aug-cc-PVDZ, aug-cc-PVTZ, and aug-cc-PVQZ basis
sets. Peterson and Francisco’s frequency results are only given for the normal isotopes (H14N216O).
Calculations involving the aug-cc-PVQZ basis set take a large amount of time to run, so we only
ran calculations involving the aug-cc-PVDZ and aug-cc-PVTZ basis sets. Results for these
frequency tests are given in Table 3.1 and Table 3.2. They include results for both isomers of
HNNO and both the normal and heavy isotopes. Also included are the frequencies from the
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Peterson and Francisco paper and the percent difference between their results and our results for
the normal isotope. Percent difference results show the biggest error between results to be
0.1656%, which occurs in Mode 6 for cis-HNNO with an aug-cc-PVTZ basis set. Because of this,
we feel comfortable using our calculated frequencies for both the normal and heavy isotopes for
calculating molar absorptivities.

Section 3.4 – Molar Absorptivity Results for H14N216O and H15N218O Assuming
the DHA
The Peterson and Francisco paper gives molar absorptivity values for both isomers at the
CCSD(T) level of theory with an aug-cc-PVQZ basis set for the normal isotope.

Again,

calculations involving the aug-cc-PVQZ basis set take a large amount of time to run, so we only
ran calculations involving the aug-cc-PVDZ and aug-cc-PVTZ basis sets. Molar absorptivity
results for all six modes in cis-HNNO for both basis sets can be seen in Table 3.3. The results
from Peterson and Francisco are also given for comparison. Molar absorptivities found using the
aug-cc-PVTZ basis set were closer to Peterson and Francisco’s values for all normal modes except
the q3 mode.
Molar absorptivities were found for cis-HNNO and trans-HNNO for both the normal and
heavy isotopes at the CCSD(T) level of theory with an aug-cc-PVTZ basis set. These values were
calculated for all six modes and can be found in Table 3.4. Peterson and Francisco’s results are
also given for comparison. Since Peterson and Francisco’s results use the aug-cc-PVQZ basis set,
we cannot directly compare our molar absorptivity values with theirs, as we did for the frequency
results mentioned in the previous section. The trends of the results generally agree with Peterson
and Francisco’s results, which is an indicator that our methods for calculating these values were
effective. If tests were carried out using these same methods with the aug-cc-PVQZ basis set at
19

the CCSD(T) level of the theory, the results would be expected to even more closely resemble the
literature values.
As stated in Chapter 1, the Anderson group is looking at the heavy isotopes of HNNO.
They need to compare their ratios of integrated intensities to our ratios of molar absorptivities for
a selection of modes in both of the isomers. These results can be seen in Table 3-5 and include
our molar absorptivity ratios, Anderson’s integrated intensity ratios, and Peterson and Francisco’s
molar absorptivity ratios for q3/q2 and q4/q2. Anderson’s results do not include the q4/q2 ratio
for cis-HNNO. Our results for the q3/q2 ratio proved to closer to Anderson’s results than Peterson
and Francisco’s results were. This is to be expected since the literature values only consider the
normal isotopes. However, this trend did not hold true for the q4/q2 ratio in trans-HNNO.
Still, the ratios for both cis-HNNO and trans-HNNO generally are not very close to the
ratios that the Anderson group is getting. This could be because assuming the double harmonic
approximation is too big of an assumption to make and going beyond it is necessary for creating
usable data for the Anderson group.
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Table 3.1 – Harmonic frequencies (cm-1) of cis-HNNO and trans-HNNO at the CCSD(T) level of
theory with an aug-cc-PVDZ basis set for both H14N216O and H15N218O. Peterson’s literature
values for H14N216O are also included, along with the percent difference between literature values
and our results.
Mode
q1
q2
q3
q4
q5
q6
cis-HNNO
H14N216O
3241.74 1676.82 1335.34 1208.296 758.08 573.87
Peterson
3240.7 1676.3
1335.5
1208.3
758.1
574.8
% Difference

0.0313%

0.01197%

0.00037%

0.0029%

0.1622%

H N2 O

3234.96 1618.46

1315.36

1161.00

745.71

554.51

H14N216O
Peterson

3423.39 1693.87 1344.298
3423
1693.7
1344.3

1258.24
1258.2

784.33
784.5

651.43
652.3

% Difference

0.0114%

15

18

0.0321%

trans-HNNO

15

18

H N2 O

0.0101%

0.00012%

0.0031%

0.0215%

0.1334%

3415.79 1633.78

1317.36

1220.24

777.69

626.87

Table 3.2 – Harmonic frequencies (cm-1) of cis-HNNO and trans-HNNO at the CCSD(T) level of
theory with an aug-cc-PVTZ basis set for both H14N216O and H15N218O. Peterson’s literature
values for H14N216O are also included, along with the percent difference between literature values
and our results.
Mode
q1
q2
q3
q4
q5
q6
cis-HNNO
H14N216O
3268.20 1702.05 1339.32 1215.30 765.00
584.63
Peterson
3266.5
1701.8
1339.4
1215.5
765.1
585.6
% Difference 0.0519% 0.0148% 0.0063% 0.0167% 0.0127% 0.1656%
H15N218O
3261.44 1642.75 1316.35 1169.82 752.26
565.16
trans-HNNO

H14N216O
Peterson

3453.82 1713.75 1348.99 1265.12 788.03
664.45
3454.1
1713.9
1348.9
1265.2
787.6
665.3
% Difference 0.0082% 0.0088% 0.0068% 0.0060% 0.0541% 0.1283%
H15N218O
3446.16 1653.07 1319.22 1229.16 781.27
639.51
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Table 3.3 – Basis set comparison of molar absorptivities (km/mol) for each vibrational mode in
cis-H14N216O to Peterson’s literature values
Molar Absorptivities (km/mol)
Mode aug-cc-PVDZ aug-cc-PVTZ Peterson (aug-cc-PVQZ)
q1
2.2
2.4
3.1
q2
387.4
420.4
415.9
q3
118.7
125.0
119
q4
6.4
12.5
18.3
q5
47.6
50.0
58
q6
35.0
35.8
37.8

Table 3.4 – Molar absorptivities (km/mol) of cis-HNNO and trans-HNNO at the CCSD(T) level
of theory with an aug-cc-PVTZ basis set for both H14N216O and H15N218O assuming the DHA.
Peterson’s literature values for H14N216O are also included, but use an aug-cc-PVQZ basis set.
Mode
q1
q2
q3
q4
q5
q6
cis-HNNO
H14N216O
2.43 420.38 125.02 12.54 49.98 35.82
Peterson
3.1
415.9
119
18.3
58
37.8
15
18
H N2 O
2.17 368.51 150.67 5.51 50.14 33.93
transHNNO

H14N216O
Peterson
H15N218O

19.16 290.56 120.89 123.80 54.73
26.9 282.7 101.3 145.8 58.3
9.44 243.43 179.28 72.21 56.01
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0.88
1.5
0.76

Table 3.5 – Integrated intensity ratios of cis-HNNO and trans-HNNO at the CCSD(T) level of
theory with an aug-cc-PVTZ basis set for both H14N216O and H15N218O assuming the DHA.
Peterson’s literature values for H14N216O are also included, but use an aug-cc-PVQZ basis set.
Anderson’s experimental ratios are also included.
Integrated Intensity Ratio q3/q2 q4/q2
cis-HNNO
H14N216O
DHA
Peterson

0.297
0.286

0.030
0.044

DHA
Experimental

0.409
0.464

0.015
-

DHA
Peterson

0.416
0.358

0.426
0.516

DHA
Experimental

0.736
1.321

0.297
0.464

H15N218O

trans-HNNO
H14N216O

H15N218O
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CHAPTER FOUR
CALCULATING MOLAR ABSORPTIVITIES FOR cis-HNNO
AND trans-HNNO GOING BEYOND THE DOUBLE HARMONIC
APPROXIMATION
Section 4.1 – Shortcomings of the Double Harmonic Approximation (DHA)
The double harmonic approximation (DHA) is a great starting point when calculating
molar absorptivities because the formula for the transition dipole moment is so simple to derive.
Again, the two main assumptions of the DHA are that the dipole moment function is linear and the
potential energy function is quadratic (or harmonic). Whenever either one of these assumptions
does not appear to be true, the DHA breaks down and a new transition dipole moment for this
transition must be computed.
Figure 4.1 is the x-dipole moment function for the q1 mode of the normal isotope of transHNNO using the CCSD(T) level of theory with an aug-cc-PVTZ basis set. The shape of the curve
clearly is not linear, implying that a linear fit is not the best fit for representing this set of data
points. This trend of curvature in dipole moment function plot exists throughout the different
modes, isotopes, and isomers to varying degrees. This suggests that the first assumption of the
DHA (a linear dipole moment) is not suitable for the HNNO molecule.
Figure 4.2 is the potential energy function for the q1 mode of the normal isotope of transHNNO using the CCSD(T) level of theory with an aug-cc-PVTZ basis set. The shape of this curve
is asymmetric and anharmonic, which implies that a quadratic fit is not the best fit representing
this set of data points. This trend is mostly seen only in the q1 mode in both isomers and both
isotopes. The other 5 modes have more quadratic shapes, implying that the anharmonic
contributions for these modes will not be as significant.
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Figure 4.1 – The x-dipole moment function (Dipole (a.u.) vs. Mode) for the q1 mode of transH14N216O using the CCSD(T) level of theory with an aug-cc-PVTZ basis set

Figure 4.2 – The potential energy function (Energy (Ha) vs. Mode) for the q1 mode of transH14N216O using the CCSD(T) level of theory with an aug-cc-PVTZ basis set
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The next part of this chapter is split into two sections. The first section will discuss deriving
the transition dipole moment function whenever the dipole moment function is no longer linear,
while still assuming that the potential energy function is quadratic. This formula will be the
simpler of the two to derive. The second section will discuss deriving the transition dipole moment
with a non-linear dipole moment function and an anharmonic potential energy function. This
formula will prove to be much more challenging to derive than the harmonic one.

Section 4.2 – Deriving Transition Dipole Moment for a 5th Order Dipole
Moment Function
As stated in Chapter 2, the dipole moment function has the general form
𝜇_ (𝑞) = 𝜇_ (𝑞)a]^ +

𝑞 𝑑𝜇_
1! 𝑑𝑞

+
a]^

𝑞 6 𝑑 6 𝜇_
2! 𝑑𝑞6

+⋯
a]^

𝑞 d 𝑑 d 𝜇_
𝑛! 𝑑𝑞d

(4-1)

a]^

The remainder of this chapter will assume a fifth order dipole moment function
𝑞 𝑑𝜇_
𝜇_ 𝑞 = 𝜇_ 𝑞 a]^ +
1! 𝑑𝑞
+

𝑞 y 𝑑 y 𝜇_
5! 𝑑𝑞y

𝑞 6 𝑑 6 𝜇_
+
2! 𝑑𝑞6
a]^

𝑞 m 𝑑 m 𝜇_
+
3! 𝑑𝑞m
a]^

𝑞 x 𝑑 x 𝜇_
+
4! 𝑑𝑞x
a]^

a]^

(4-2)

a]^

For a transition from the ground state to the first excited state, i = 0 and j = 1, the transition dipole
moment function for a fifth order dipole moment is
𝑀ef

6

=

0 𝜇_ 𝑞 = 0 1 + 0
_

𝑞 m 𝑑 m 𝜇_
+ 0
3! 𝑑𝑞m

a]^

𝑞 𝑑𝜇_
1! 𝑑𝑞

1 + 0
a]^

𝑞 x 𝑑 x 𝜇_
1 + 0
4! 𝑑𝑞x
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a]^

𝑞 6 𝑑 6 𝜇_
2! 𝑑𝑞6

1
a]^

𝑞 y 𝑑 y 𝜇_
1 + 0
5! 𝑑𝑞y

6

1
a]^

(4-3)

Constants can be pulled out of each integral to give

𝑀ef

6

=

𝜇_ 𝑞 = 0 ∗ 0|1 +
_

𝑑𝜇_
𝑑𝑞

a]^

1!

m

+

∗ 0𝑞1 +

𝑑 6 𝜇_
𝑑𝑞6

a]^

2!

x

𝑑 𝜇_
𝑑𝑞m

a]^

3!

∗ 0 𝑞m 1 +

𝑑 𝜇_
𝑑𝑞x

∗ 0 𝑞6 1
(4-4)

y

a]^

4!

∗ 0 𝑞x 1 +

𝑑 𝜇_
𝑑𝑞y

a]^

5!

6

∗ 0 𝑞y 1

Ladder operators and the Kronecker delta can be used to determine the following integrals:
0|1 = 0
1
2

0𝑞1 =

0 𝑞6 1 = 0
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   0 𝑞m 1 =

3 2
4

(4-5)

0 𝑞x 1 = 0
0 𝑞y 1 =

15 2
8

These can all be used to determine the final form of the transition dipole moment function

𝑀ef

6

𝑑𝜇_
𝑑𝑞

=
_

1!

a]^

∗

1
+
2

𝑑 m 𝜇_
𝑑𝑞m

a]^

3!
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∗

3 2
+
4

𝑑 y 𝜇_
𝑑𝑞y
5!

6
a]^

∗

15 2
8

(4-6)

Section 4.3 – Deriving Transition Dipole Moment when considering
Anharmonics Vibrations
As stated in Chapter 3, the Anderson group is looking at the i=0 to j=1 transition peaks in
their IR spectra for each normal mode in HNNO. If it is assumed that the wavefunction of each
mode is anharmonic, then the mode’s wavefunction will be represented by a linear combination of
several harmonic oscillator wavefunctions. This linear combination can be found by creating a
vibrational Hamiltonian matrix that accounts for anharmonic force constants and diagonalizing
this matrix. The eigenvalues of this matrix give the energy levels. The eigenvalue of the ground
state energy level represents the energy at the ground state, while the eigenvalue of the first excited
state energy level represents the energy level at the first excited state. The eigenvectors of each
respective eigenvalue represent the contribution that each of the different harmonic oscillator
functions have on the overall wavefunction of each state.
It is important to note that this section will not consider coupling between the modes. This
means that the overall wavefunction is still the product of a wavefunction for each mode, just like
it was when assuming that the wavefunction was harmonic, the only difference being that each
mode’s wavefunction is anharmonic.
Assuming a 5th order dipole moment function, the general form of the transition dipole
moment is represented by Equation 4-7, where i and j both have ranges 0 to 3, bi is the contribution
of harmonic oscillator function i at the ground state energy level and cj is the contribution of
harmonic oscillator function j at the first excited state energy level. Values for these contributions
(bi and cj) for normal cis-HNNO at the CCSD(T) level of theory with an aug-cc-PVTZ basis set is
shown in Table 4.1. The squares of these coefficients give the percentage that each harmonic
oscillator wavefunction contributes to the overall wavefunction and the sum of these squares add
up to 100% for each mode. This table suggests that while the ground state is mostly dominated by
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the v=0 vibrational state, there is still some contribution from the other states. Likewise, while the
first excited state is mostly dominated by the v=1 vibrational state, there is still some contribution
from the other states. This trend holds true for both isotopes of cis-HNNO and trans-HNNO.
m

𝑀ef

6

m

=

(𝑏f ∗ 𝑐e ∗ (𝜇_ 𝑞 = 0 ∗ 𝑖|𝑗 +
_

f]^ e]^

𝑑 m 𝜇_
𝑑𝑞m

∗ 𝑖 𝑞6 𝑗 +
6

a]^

3!

∗ 𝑖 𝑞m 𝑗 +

𝑑𝜇_
𝑑𝑞

a]^

1!
𝑑 x 𝜇_
𝑑𝑞x

∗ 𝑖𝑞𝑗 +

a]^

4!

𝑑 6 𝜇_
𝑑𝑞6

∗ 𝑖 𝑞x 𝑗 + 	
  

a]^
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Table 4.1 – Anharmonic contributions (bi and cj) for cis-H14N216O at the CCSD(T) level of theory
with an aug-cc-PVTZ basis set, where bi is the contribution of harmonic oscillator function i at the
ground state energy level and cj is the contribution of harmonic oscillator function j at the first
excited state energy level
bi
q1
q2
q3
q4
q5
q6
v=0
-0.9928
0.9999
0.9999
-0.9996
0.9993
0.9999
v=1
0.1150
-0.0121
-0.0155
0.0280
0.0
-0.0110
v=2
-0.0118
-0.0021
-0.0027
0.0005
-0.0387
0.0004
v=3
0.0301
-0.0033
-0.0043
0.0074
0.0
-0.0029
cj
v=0
v=1
v=2
v=3

q1
-0.1143
-0.9444
0.3056
-0.0398

q2
0.0120
0.9993
-0.0344
-0.0057

q3
0.0154
0.9989
-0.0444
-0.0072
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q4
-0.0279
-0.9966
0.0781
0.0008

q5
0.0
-0.9957
0.0
0.0927

q6
0.0110
0.9995
-0.0303
0.0013

Section 4.4 – Frequency Results for H14N216O and H15N218O Going Beyond the
DHA
An anharmonic potential energy function will generate different vibrational frequencies
from the harmonic frequencies already calculated. Subtracting the zero-point energy from the
energy of the first excited state will represent the 0 to 1 vibrational transition that the Anderson
group is looking at for each mode. These anharmonic frequencies are recorded in Table 4.2 for
both the normal and heavy isotopes for cis-HNNO and trans-HNNO at the CCSD(T) level of
theory with an aug-cc-PVTZ basis set, along with the already calculated harmonic frequencies for
comparison.

Table 4.2 – Anharmonic frequencies (cm-1) of cis-HNNO and trans-HNNO at the CCSD(T) level
of theory with an aug-cc-PVTZ basis set for both H14N216O and H15N218O. Previously calculated
harmonic frequencies are provided for comparison
q1
q2
q3
q4
q5
q6
14
16
cis-H N2 O
harmonic
3241.74 1676.82 1335.34 1208.30 758.08 573.87
anharmonic 3150.22 1714.64 1337.88 1222.20 834.81 586.79
15
18
cis-H N2 O
harmonic
3234.96 1618.46 1315.36 1161.00 745.71 554.51
anharmonic 3144.22 1652.87 1317.76 1172.45 825.34 566.84
trans-H14N216O

harmonic
3423.39 1693.87 1344.298 1258.24 784.33 651.43
anharmonic 3356.03 1713.75 1359.34 1267.31 875.20 663.78
trans-H15N218O

harmonic

3415.79 1633.78

1317.36 1220.24 777.69 626.87

anharmonic 3348.79 1662.12

1336.52 1228.24 871.45 638.80

30

Section 4.5 – Molar Absorptivity Results for H14N216O and H15N218O Going
Beyond the DHA
Molar absorptivities were found for cis-HNNO and trans-HNNO for both the normal and
heavy isotopes at the CCSD(T) level of theory with an aug-cc-PVTZ basis set when considering a
5th order dipole moment and when considering an anharmonic potential energy function without
coupling between the modes. These values were calculated for all six modes and can be found in
Table 4.3 and are compared to previous results considering the double harmonic approximation.
Peterson and Francisco’s results are also given for comparison.
Going from a linear dipole moment function to a 5th order dipole moment function appears
to have varying effects on the values of the molar absorptivities for each of the modes. For
example, molar absorptivity decreases from 290.56 km/mol to 273.11 km/mol in the normal
isotope for trans-HNNO in the q2 mode. Additionally, molar absorptivity decreases from 243.43
km/mol to 230.38 km/mol in the heavy isotope for trans-HNNO in the q2 mode. Including
anharmonics (assuming a 5th order dipole moment function) only seems to have a substantial effect
on the molar absorptivity of the q1 mode. This is expected because the q1 mode is the only mode
with a potential energy function that suggests a strongly anharmonic wavefunction. For example,
molar absorptivity decreases from 23.35 km/mol to 17.21 km/mol in the normal isotope for transHNNO in the q1 mode. Additionally, molar absorptivity increases from 10.63 km/mol to 17.15
km/mol in the heavy isotope for trans-HNNO in the q1 mode. This information suggests that there
does not appear to be a trend in whether including anharmonics will always increase or decrease
the values of molar absorptivities.
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Table 4.3 – Molar absorptivities (km/mol) of cis-HNNO and trans-HNNO at the CCSD(T) level
of theory with an aug-cc-PVTZ basis set for both H14N216O and H15N218O for a fifth order dipole
moment function with (labelled Anharmonics) and without (labelled 5th order) anharmonic
contributions. Previously calculated values that assume the DHA are provided for comparison.
Peterson’s literature values for H14N216O are also included, but use an aug-cc-PVQZ basis set and
assume the DHA
Mode
q1
q2
q3
q4
q5
q6
cis-HNNO
H14N216O
Linear Dipole
2.43 420.38 125.02 12.54 49.98 35.82
5th order Dipole
2.49 410.90 123.88 13.43 55.01 36.64
Anharmonics
1.24 410.03 124.79 12.71 54.94 36.91
Peterson
3.1
415.9
119
18.3
58
37.8
15
18
H N2 O
Linear Dipole
2.17 368.51 150.67 5.51 50.14 33.93
5th order Dipole
2.25 361.43 145.47 5.50 55.47 34.34
Anharmonics
0.70 360.56 147.59 5.11 55.39 34.25
trans-HNNO
H14N216O
Linear Dipole
5th order Dipole
Anharmonics
Peterson

19.16 290.56 120.89 123.80 54.73
23.35 273.11 121.82 125.39 56.76
17.21 269.91 120.57 126.30 56.67
26.9 282.7 101.3 145.8 58.3

0.88
1.29
1.31
1.5

Linear Dipole
5th order Dipole
Anharmonics

9.44 243.43 179.28
10.63 230.38 181.21
17.15 229.47 181.24

0.76
1.08
1.10

H15N218O
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72.21
75.35
75.40

56.01
58.29
58.19

Still, the better indicator of improving results is by comparing the molar absorptivity ratios
to integrated intensity ratios that the Anderson group experimentally gathered. These results can
be seen in Table 4.4. Overall, there does not appear to be a trend suggesting that using a 5th order
dipole moment will always create values closer to the Anderson values. In trans-HNNO for the
heavy isotope, the q3/q2 and q4/q2 ratios are closer to Anderson’s ratios when considering a 5th
order dipole moment function. However, in cis-HNNO for the heavy isotope, the q3/q2 ratio is
less close to Anderson’s ratios when considering a 5th order dipole moment function. Also, adding
anharmonic contributions did have an improvement on the ratios that the Anderson group are
studying. These improvements are very small. These small improvements are to be expected since
the q1 mode is the only mode to have any significant changes in molar absorptivity when
considering anharmonic contributions.
These results suggest that our current methods are not good enough for calculating molar
absorptivities. The next step will be considering the effect that coupling has on these values.
Chapter 5 will discuss this in great detail.
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Table 4.4 – Integrated intensity ratios of cis-HNNO and trans-HNNO at the CCSD(T) level of
theory with an aug-cc-PVTZ basis set for both H14N216O and H15N218O for a fifth order dipole
moment function with (labelled Anharmonics) and without (labelled 5th order) anharmonic
contributions. Previously calculated values that assume the DHA are provided for comparison.
Peterson’s literature values for H14N216O are also included, but use an aug-cc-PVQZ basis set and
assume the DHA. Anderson’s experimental ratios are also included
Integrated Intensity Ratio q3/q2 q4/q2
cis-HNNO
H14N216O
Linear Dipole
5th order Dipole
Anharmonics
Peterson

0.297
0.301
0.304
0.286

0.030
0.033
0.031
0.044

Linear Dipole
5th order Dipole
Anharmonics
Experimental

0.409
0.402
0.409
0.464

0.015
0.015
0.014
-

Linear Dipole
5th order Dipole
Anharmonics
Peterson

0.416
0.446
0.447
0.358

0.426
0.459
0.468
0.516

Linear Dipole
5th order Dipole
Anharmonics
Experimental

0.736
0.787
0.790
1.321

0.297
0.327
0.329
0.464

H15N218O

trans-HNNO
H14N216O

H15N218O
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CHAPTER FIVE
FUTURE WORK WITH COUPLING AND CONCLUSIONS
Section 5.1 – Coupling Calculations
A normal mode can be thought of as a distinct vibration that continuously happens in a
molecule. Molecules that have more than one normal mode typically involve coupling between
their modes. A common misconception is that coupling means that the modes will “mix” together
and the two motions will become one motion, thereby combining the two modes into one mode.
It is important to understand that the motions are still distinct.
None of the calculations thus far have considered coupling when calculating molar
absorptivity values. It is likely that coupling will play a major role in the molar absorptivities for
HNNO. Unfortunately, these calculations take a very long time to complete and will have to be
done in the future.

Section 5.2 – Coupling and the Potential Energy Function
Normal modes can be coupled by terms in the potential energy function, U. For
simplification, this will be demonstrated by looking at a triatomic molecule with the normal modes,
q1, q2, and q3. If the triatomic molecule has no coupling between modes q2 and q3, then the
potential energy function when q2 and q3 change (keeping q1=0) will simply be the sum of two
functions, one for each mode:
𝑈 𝑞2, 𝑞3 = 	
  𝑈2 𝑞2 + 𝑈3(𝑞3)
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(5-1)

If there is coupling, then the potential energy function (when q1 = 0) will be a sum of a
function of q2 and a function of q3 plus a third function that is a function of q2 and q3:
𝑈 𝑞2, 𝑞3 = 	
  𝑈2 𝑞2 + 𝑈3(𝑞3) + 𝑈23(𝑞2, 𝑞3)

(5-2)

It is likely that all modes will couple to some degree in the potential energy function of any
molecule. Assuming this is the case, the final form of the potential energy equation of a triatomic
molecule is this:
𝑈 𝑞1, 𝑞2, 𝑞3 = 	
  𝑈1 𝑞1 + 𝑈2 𝑞2 + 𝑈3 𝑞3 + 𝑈12(𝑞1, 𝑞2) + 𝑈13(𝑞1, 𝑞3)

(5-3)

+ 𝑈23 𝑞2, 𝑞3 + 𝑈123(𝑞1, 𝑞2, 𝑞3)
It is easy to see that the potential energy function for a tetratomic molecule like HNNO
will be very complex. Thankfully, making smart and tactful decisions by looking at previous
research and by looking how the geometric parameters of a molecule change as you stretch and
compress each of the normal modes can help condense a potential energy function into one that is
more manageable. It is also important to note that when modes are coupled, the coupling can be
especially strong when two normal modes have similar frequencies [Harmony 1972].

Section 5.3 – HNNO and the q5 Mode
Previous research [Peterson 2011] and our own calculations suggest that the q5 mode in
cis-HNNO and trans-HNNO is dominated by the torsion mode and that it is the only mode that
affects the torsion. This mode only involves how the molecule’s torsion angle changes and does
not affect the three bond lengths or two bond angles that exist in HNNO. This information suggests
that the effect that coupling involving the q5 mode has is virtually non-existent and that any factors
in the potential energy function that consider coupling in the q5 mode can be ignored.
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Section 5.4 - Geometric Parameters and Normal Modes in cis-HNNO
Considering how each of the other five geometric parameters (rHN, rNN, rNO, <HNN, and
<NNO) change as the each of the five remaining normal modes (q1, q2, q3, q4, and q6) stretch
and compress is the next step for knowing which terms to include in the potential energy function.
These results can be seen in Figure 5.1 and Figure 5.2 and will be separated for each isomer. It
should be noted that the bond lengths are in units of Å.
The first thing to note is that rHN seems to almost entirely be affected by the q1 mode.
Additionally, none of the other modes appear to have a meaningful effect on rHN. This suggests
that any coupling involving the q1 mode is small enough to ignore when trying to reduce the
potential energy function as much as possible. To a lesser extent, the q6 mode seems to be mostly
affected by the NNO bond angle and not any of the other parameters (except possibly the HNN
bond angle). Because of this, it could also be fair to assume that the q6 mode coupling is negligible.

Figure 5.1 - Geometric dependence on mode for cis-H14N216O using the CCSD(T) level of theory
with an aug-cc-PVTZ basis set
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Figure 5.2 - Geometric dependence on mode for cis-H15N218O using the CCSD(T) level of theory
with an aug-cc-PVTZ basis set
The q2, q3, and q4 modes all seem to change to varying degrees for several of the geometric
parameters. The NO bond length changes significantly as each of these three modes are stretched
and compressed. The NN bond length changes greatly as q2 and q4 are changed, while the HNN
angle changes greatly as q3 and q4 are changed. This paired with the fact that the vibrational
frequencies of q2, q3, and q4 are more similar to one another than they are to the other three modes
suggests that the coupling between these three modes will be most important to look at during
initial coupling calculations. This gives an initial potential energy function
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𝑈{f| 𝑞1, 𝑞2, 𝑞3, 𝑞4, 𝑞5, 𝑞6 =
𝑈1 𝑞1 + 𝑈2 𝑞2 + 𝑈3 𝑞3 + 𝑈4 𝑞4 + 𝑈5 𝑞5 + 𝑈6 𝑞6 + 𝑈23 𝑞2, 𝑞3 +

(5-4)

𝑈24(𝑞2, 𝑞4) + 𝑈34 𝑞3, 𝑞4 + 𝑈234(𝑞2, 𝑞3, 𝑞4)
for cis-HNNO. Once these calculations are completed, it might be worthwhile to consider any
coupling calculations for the q6 mode since it changes as both bond angles move to varying
degrees. It should not be a priority, however, since the coupling involving q2, q3, and q4 seems
to be much more significant.
While the values for each may be slightly different, it is important to note that these trends
hold true for both the normal and heavy cis-HNNO isotopes.

Section 5.5 - Geometric Parameters and Normal Modes in trans-HNNO
Geometric analysis results for trans-HNNO can be seen in Figure 5.3 and Figure 5.4 and
will be separated for each isomer. It should be noted that the bond lengths are in units of Å. For
trans-HNNO, the same trends hold in regards to q1 and q6 as they did for cis-HNNO. The HN
bond length is only really affected by the q1 mode and NNO bond angle is only really affected by
the q6 mode.
The q2, q3, and q4 modes all seem to change to varying degrees for several of the geometric
parameters, but in slightly different manners than in cis-HNNO. The NN bond length changes
significantly as each of these three modes are stretched and compressed. The NO bond length
changes greatly as q2 and q4 are changed, while the HNN angle changes greatly as q3 and q4 are
changed. This leads to the potential energy function
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𝑈}~•d| 𝑞1, 𝑞2, 𝑞3, 𝑞4, 𝑞5, 𝑞6 =

(5-5)

𝑈1 𝑞1 + 𝑈2 𝑞2 + 𝑈3 𝑞3 + 𝑈4 𝑞4 + 𝑈5 𝑞5 + 𝑈6 𝑞6 + 𝑈23 𝑞2, 𝑞3 +
𝑈24(𝑞2, 𝑞4) + 𝑈34 𝑞3, 𝑞4 + 𝑈234(𝑞2, 𝑞3, 𝑞4)
which is similar to the function given for cis-HNNO.
Unlike with cis-HNNO, there are a couple of noticeable differences between the normal
and heavy isotopes. First, the HNN bond angle is more clearly affected by the q3 mode than it is
the q4 mode in the heavy isotope. Second, the NN bond length is affected more by the q4 mode
in the heavy isotope than it is in the normal isotope. This implies that the coupling functions
involving these modes will likely be significantly different across the two isotopes.

Figure 5.3 - Geometric dependence on mode for trans-H14N216O using the CCSD(T) level of theory
with an aug-cc-PVTZ basis set
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Figure 5.4 - Geometric dependence on mode for trans-H15N218O using the CCSD(T) level of theory
with an aug-cc-PVTZ basis set

Section 5.6 – Considering the aug-cc-PVQZ Basis Set
As mentioned throughout this thesis, the Peterson and Francisco paper calculated molar
absorptivity values for cis-HNNO and trans-HNNO for only the normal isotopes at the CCSD(T)
level of theory using an aug-cc-PVQZ basis set. Our calculations have not yet considered the augcc-PVQZ basis primarily because these calculations take a very large amount of time. Once we
feel comfortable that the amount of anharmonics and coupling necessary has been included in our
calculations, the next step will then be to apply the aug-cc-PVQZ basis set assuming these
parameters.
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Section 5.7 – Conclusions
Molar absorptivities for cis-HNNO and trans-HNNO were calculated for the Anderson
group at the University of Wyoming because the isotope of HNNO (H15N218O) that they are
studying does not have calculated values. A paper by Peterson and Francisco had already
calculated molar absorptivity values for a different isotope of HNNO (H14N216O). These literature
values were used to ensure that our computational methods were being implemented correctly.
The literature values assume the double harmonic approximation. We were able to recreate
frequency values and get reasonably close molar absorptivities for the normal isotope of both
isomers assuming the DHA. Additionally, we computed frequencies and molar absorptivities for
the heavy isotope assuming the DHA.
Our results for the molar absorptivity ratios of the heavy HNNO isotope did not match the
experimental results gathered by the Anderson group, suggesting that we needed to go beyond the
DHA. We did this by calculating molar absorptivities when considering a non-linear dipole
moment function and calculating molar absorptivities when considering anharmonic vibrations.
While both of these new assumptions generally improved ratios of molar absorptivities, they still
did not match the Anderson group’s ratios, meaning there are more things we must consider.
Geometric analysis of normal modes suggests that coupling is likely involved in the potential
energy function of the molecule and must be considered for calculating molar absorptivities for
future work.
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